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Macrophage Toll-like Receptor 9 Contributes to
Chemotherapy-Induced Neuropathic Pain in Male Mice

Xin Luo,! Yul Huh,'? Sangsu Bang,' Qianru He,' Linlin Zhang,' Megumi Matsuda,' and Ru-Rong Ji':>3
ICenter for Translational Pain Medicine, Department of Anesthesiology, 2Department of Cell Biology, and *Department of Neurobiology, Duke University
Medical Center, North Carolina 27710

Chemotherapy-induced peripheral neuropathy (CIPN) remains a pressing clinical problem; however, our understanding of sexual di-
morphism in CIPN remains unclear. Emerging studies indicate a sex-dimorphic role of Toll-like receptor 4 (TLR4) in driving neuropathic
pain. In this study, we examined the role of TLR9 in CIPN induced by paclitaxel in WT and TIr9 mutant mice of both sexes. Baseline pain
sensitivity was not affected in either TIr9 mutant male or female mice. Intraplantar and intrathecal injection of the TLR9 agonist ODN
1826 induced mechanical allodynia in both sexes of WT and TIr4 KO mice but failed to do so in T/r9 mutant mice. Moreover, Trpv1 KO or
C-fiber blockade by resiniferatoxin failed to affect intraplantar ODN 1826-induced mechanical allodynia. Interestingly, the development
of paclitaxel-evoked mechanical allodynia was attenuated by TLR9 antagonism or TIr9 mutation only in male mice. Paclitaxel-induced
CIPN caused macrophage infiltration to DRGs in both sexes, and this infiltration was not affected by TIr9 mutation. Paclitaxel treatment
also upregulated TNF and CXCL1 in macrophage cultures and DRG tissues in both sexes, but these changes were compromised by Tlr9
mutation in male animals. Intraplantar adoptive transfer of paclitaxel-activated macrophages evoked mechanical allodynia in both sexes,
which was compromised by TIr9 mutation or by treatment with TLR9 inhibitor only in male animals. Finally, TLR9 antagonism reduced
paclitaxel-induced mechanical allodynia in female nude mice (T-cell and B-cell deficient). Together, these findings reveal sex-dimorphic
macrophage TLR9 signaling in chemotherapy-induced neuropathic pain.
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Chemotherapy-induced peripheral neuropathy (CIPN) is a major side effect in cancer patients undergoing clinical chemotherapy
treatment regimens. The role of sex dimorphism with regards to the mechanisms of CIPN and analgesia against CIPN remains
unclear. Previous studies have found that the infiltration of immune cells, such as macrophages into DRGs and their subsequent
activation promote CIPN. Interestingly, the contribution of microglia to CIPN appears to be limited. Here, we show that macro-
phage TLR9 signaling promotes CIPN in male mice only. This study suggests that pathways in macrophages may be sex-dimorphic
in CIPN. Our findings provide new insights into the role of macrophage signaling mechanisms underlying sex dimorphism in
CIPN, which may inspire the development of more precise and effective therapies. j
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Introduction

Sex dimorphism in chronic pain is a clinically observed phenom-
enon, with the majority of patients suffering from pathological
chronic pain conditions being women as opposed to men (Bart-
ley and Fillingim, 2013). However, the majority of laboratory
pain research has been conducted in male animals, which has led
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to incomplete translational outcomes from preclinical studies
(Mogil, 2012). Currently, spinal neuroimmune interactions are
considered to be a major cause of sex differences found in path-
ological pain. Notably, microglia drive neuropathic pain and in-
flammatory pain in male animals (Rosen et al., 2017). Several
microglial signaling molecules, including Toll-like receptor 4
(TLR4), p38 mitogen-activated protein kinase (MAPK), ATP re-
ceptor P2X4, and BDNF, exhibit sexually dimorphic functions in
inflammatory and neuropathic pain (Sorge et al., 2011, 2015;
Tavesetal., 2016; Luo etal., 2018; Mapplebeck et al., 2018; Inyang
etal., 2019). Upstream activators of microglia, such as caspase-6,
also display male-specific activity in the contexts of inflammatory
and neuropathic pain (Berta et al., 2016; Chen et al., 2018). In
female animals, T cells are thought to mediate pathological pain
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(Rosen et al., 2017). For both male and female mice, nerve injury
induces the same degree of astrocyte activation, as measured by
GFAP expression in the spinal cord, and inhibitors of astroglial
signaling have been found to reduce inflammatory and neuro-
pathic pain (Chen et al., 2018). However, a lack of astrocyte acti-
vation in female rats after nerve injury has also been reported
(Gutierrez et al., 2013). Currently, it is unclear whether other
immune cells or glial cells, including macrophages, have sex-
dimorphic roles in chronic pain.

Chemotherapy-induced peripheral neuropathy (CIPN) is a
somatosensory dysfunction caused by chemotherapeutic re-
agents, such as vincristine (Postma et al., 1993), bortezomib
(Cataetal., 2007), cisplatin (Cavaletti et al., 1995), and paclitaxel
(PTX) (Forsyth et al., 1997). Clinically, CIPN can cause prema-
ture termination or reduced dosage of chemotherapy regimens,
leading to poorer survival rates in patients being treated for can-
cer (Seretny et al., 2014). Recent studies have indicated that mul-
tiple types of immune cells, including macrophages, are recruited
to the DRGs following chemotherapy (Liu et al., 2014; Zhang et
al., 2016). Furthermore, depletion of macrophages alleviated
neuropathic pain and downregulated the levels of TNF found in
DRGs of chemotherapy-treated animals (Zhang et al., 2016). Ad-
ditionally, macrophage depletion prevents vincristine-induced
CIPN (Old et al., 2014), although it remains unclear whether
macrophage activity in CIPN differs between males and females.

The TLR family plays a critical role in innate immune responses
by recognizing pathogen-associated molecular patterns and danger-
associated molecular patterns, signaling for the activation of host
defense and inflammatory processes against infective pathogens and
tissue injuries (Akira et al., 2006). Several TLRs, including TLR2
(Kim et al., 2007), TLR3 (Liu et al., 2012b), TLR4 (Tanga et al.,
2005; Sorge et al., 2011; Li et al., 2014, 2015a), TLR5 (Xu et al.,
2015; Dasetal., 2016), TLR7 (Park etal., 2014), and TLR8 (Zhang
et al., 2018), as well as TLR signaling adaptor proteins, such as
MyD88 (Stokes et al., 2013; Liu et al., 2014, 2016), have been
implicated in pathological pain conditions via immune, glial, and
neuronal regulatory mechanisms (for review, see Liu et al., 2012a;
Nicotra et al., 2012; Bruno et al., 2018).

Currently, there is a limited understanding of the role TLR9
takes part in pain regulation. TLR9 is localized to endolysosomes
and detects endocytosed single-stranded DNA-containing CpG
motifs derived from bacterial DNA (Krieg, 2002). Recently, TLR9
was shown to promote transient receptor potential cation chan-
nel subfamily member V1 (TRPV1) activation on DRG neurons,
with antagonism of TLR9 reducing thermal hyperalgesia induced
by cancer (Qi et al., 2011) and spinal cord injury (David et al.,
2013). To date, TLRO signaling in macrophages and sex dimor-
phism of TLRY in pathological pain have not been investigated.

In this study, we tested the involvement of TLR9 in PTX-
induced neuropathic pain in WT and TIr9 mutant mice of both
sexes. Our results revealed a male-specific contributive role of
TLRY in CIPN via macrophage signaling.

Materials and Methods

Animals and chemotherapy-induced peripheral neuropathic pain model.
Tlr9 mutant mice (C57BL/6]-Tlr9o™M7Btr/ Mmjax, stock #34329) and WT
control mice (C57BL/6], stock #000664) were purchased from The Jack-
son Laboratory. The TIr9 mutant mice used in this study were generated
by N-ethyl-N-nitrosourea mutagenesis, a forward genetic approach, by
Dr. Bruce Beutler’s laboratory. These mice have served as an animal
model of TIr9 deficiency in several recent publications (Brennan et al.,
2016; Tursi et al., 2017). Trpvl KO mice (B6.129X1-Trpvl mulyy “stock
#003770) and nude mice (NOD.CB17-Prkdc /], stock #001303) were
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purchased from The Jackson Laboratory. Tlr4 KO mice (homozygous
and heterozygous) were gifted by Dr. Cagla Eroglu of Duke University.
Adult male and female CD1 and C57BL/6B mice (8 weeks old) were
purchased from Charles River Laboratories. Animals were randomly as-
signed to each group. All animals were maintained by the Division of
Laboratory Animal Resources at the Duke University Animal Facility. All
animal experiments were approved by the Institutional Animal Care and
Use Committees of Duke University. CIPN was induced in mice by a
single intraperitoneal injection of PTX (Sigma-Aldrich) at a dose of 6
mg/kg as previously described (Luo et al., 2018).

Drugs and administration. ODN 1826 and ODN 2088 were purchased
from Invivogen. Lipopolysaccharide, resiniferatoxin, and PTX were pur-
chased from Sigma-Aldrich. For intrathecal injections, mice were briefly
anesthetized with isoflurane (2%) and a lumbar puncture was performed
between the L5 and L6 spinal levels to deliver drugs (10 ul) or cells (1 X
107 in 10 ul PBS) using a 30G needle. Intraplantar injections were per-
formed on the plantar surface of a hindpaw (10 ul) using a 30G needle.

Behavioral analysis. For von Frey testing, animals were habituated in
boxes on an elevated metal mesh floor under stable room temperature
and humidity at least 2 d before experiments. Logarithmically graded von
Frey fibers (0.02-2.56 g, Stoelting) were applied to the plantar surface of
the hindpaw. Paw withdrawal threshold was calculated following the
previously reported protocol using the up-down method (Luo et al.,
2018). Paw withdrawal frequency was measured by applying a 0.16 or
0.4 g von Frey filament to the plantar surface of the hindpaw 10 times
with the number of paw withdrawals divided by the 10 applications and
reported as the withdrawal frequency. Thermal hyperalgesia was mea-
sured by Hargreaves test using a Hargreaves radiant heat apparatus (IITC
Life Science) with a measurement cutoff of 20 s to prevent overheating-
induced tissue damage. Hotplate testing was performed to assess heat
sensitivity in naive WT and mutant mice with a measurement cutoff of
40 s (Bioseb) following the protocol as reported previously (Han et al.,
2016). Motor function was evaluated by the rotarod test using a rotarod
system (IITC Life Science) (Chen et al., 2015). Mice underwent a 2 d
training period (2 trials per mouse, 5 rpm rotarod for 10 min per trial)
before the test. During rotarod testing, the speed of rotation was acceler-
ated from 5 to 15 rpm over 60 s with a testing period cutoff of 300 s for
each trial and 2 total trials performed. The fall latency of each mouse was
recorded and averaged. The experimenter was blinded to the treatments
given to each mouse.

Peritoneal macrophage culture. Peritoneal macrophages were collected
from animals by peritoneal lavage with 10 ml of warm PBS containing 1
mu of EDTA as previously reported (Bang et al., 2018). Cells were incu-
bated in DMEM supplemented with 10% FBS at 37°C for 2 h in a Petri
dish and washed with PBS to eliminate nonadherent cells. Adherent cells
were used in subsequent experiments as peritoneal macrophages follow-
ing 3 d of culture.

ELISA. Mouse ELISA kits for TNF and CXCL-1 were purchased from
R&D Systems. ELISA tests were performed using DRG tissue lysates,
serum samples, and cell media. DRG tissues were homogenized in a lysis
buffer containing protease and phosphatase inhibitors. Serum was ob-
tained from facial vein whole blood and allowed to clot for 30 min at
room temperature. The clot was then removed by refrigerated centrifuge
at2000 X gfor 10 min to collect the supernatant (serum). The cell culture
medium was collected at a volume of 200 ul per sample after application
of 1 ug/ml lipopolysaccharide and 100 nM PTX in 1 X 107 seeding cells.
For each ELISA assay, 50 ug of protein, 50 ul of culture medium, or 5 ul of
serum was used. ELISA tests were conducted according to the manufactur-
er’s instructions. The standard curve was included in each experiment.

Flow cytometry. DRG tissues were obtained from adult TIr9 mutant
and WT mice and placed in 1 mg/ml collagenase A and 2.4 U/ml Dispase
IT (Roche Diagnostics) in HBSS. Tissues were incubated at 37°C with
continuous shaking at 100 rpm for 60 min. The cells were dissociated by
pipette, washed with HBSS and 0.5% BSA, filtered through a 70 wm mesh
cell strainer, and treated with 1 X RBClysis buffer (BioLegend) to reduce
RBC contamination. Surface expression of F4/80 and CD11b was ana-
lyzed by flow cytometry. Dissociated DRGs and peritoneal cells were
counted with 2 X 10° cells per sample blocked by Fc receptor staining
buffer (1% anti-mouse CD16/CD32, 2.4 G2, 2% FBS, 5% NRS, and 2%
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Table 1. Antibodies for flow cytometry

Laser 488 nm Laser 633 nm
Experiment Filter 530/30 nm 660/20 nm
DRG, M@ Primary antibody F4/80-FITC (D11b-APC
Table 2. Antibodies for FACS
Company Catalog no. Dilution
FACS primary antibody
Rat anti-CD11b-APC BioLegend 101211 1:200
Rat anti-mouse-F4/80-FITC BioLegend 123107 1:200
FACS control antibody
Rat anti-mouse IgG-FITC BD Biosciences 51-20415z 1:200
Donkey anti-mouse IgG-Cy5 ~ Jackson ImmunoResearch ~ 715-175-151  1:200
Laboratories

NMS in HBSS; BD Biosciences) and then stained with a corresponding
standard panel of antibodies (Tables 1, 2) for 30 min at 4°C. After stain-
ing, cells were washed in PBS with EDTA. Flow cytometry events were
acquired in a BD FACS Canto II flow cytometer using BD FACS Diva 8
software (BD Biosciences). Data were analyzed by Cytobank Software
(https://www.cytobank.org/cytobank).

Immunohistochemistry. Mice were anesthetized with isoflurane and
perfused through the ascending aorta with PBS followed by 4% PFA.
After perfusion, DRG tissues were postfixed, dehydrated with 30% su-
crose solution, embedded, and sliced into 14 wm tissue sections with a
cryostat. The sections were blocked with 5% goat serum for 1 h at room
temperature and incubated overnight at 4°C with primary F4/80 mono-
clonal antibody (rat, 1:100, Invitrogen). After washing, the sections were
incubated with secondary goat anti-rat IgG antibody (1:500, Invitrogen)
for 2 h at room temperature. DAPI (1:1000, Vector Laboratories) was
used to stain cell nuclei. Stained tissue sections were examined using a
Nikon fluorescence microscope. To quantify macrophage infiltration in
DRGs, F4/80-labeled cells were counted within an area of 180 wm X 180
wm in each optic field and calculated as the number of macrophages per
mm? of tissue. Three or four DRG sections were counted per mouse, and
3 mice were included per group.

Statistics. All data are expressed as the mean * SEM. The sample size
for each experiment is indicated in the figure legends. Behavioral test data
were analyzed by one-way or two-way ANOVA, followed by Bonferroni’s
post hoc test. FACS and ELISA data were analyzed by two-way ANOVA,
followed by Bonferroni’s post hoc test. A p value of < 0.05 was considered
statistically significant.

Results

Tlr9 mutation does not affect the baseline pain threshold of
male or female mice

We tested the baseline thermal pain sensitivity of TIr9 mutant
mice for both sexes. The hotplate test (53°C) showed that the
withdrawal latency was not affected in both male and female T1r9
mutant mice compared with WT mice (Fig. 1A; F; ,,, = 2.580,
p > 0.05, one-way ANOVA). The acetone test showed that TIr9
mutant mice exhibited normal response to cold stimulus (Fig. 1B;
F516) = 0.2222, p > 0.05, one-way ANOVA). Furthermore, Tlr9
mutant mice exhibited normal motor function compared with
WT mice in the rotarod test (Fig. 1C; F; 15y = 0.9580, p > 0.05,
one-way ANOVA). von Frey testing for mechanical pain sensitiv-
ity also showed no differences in baseline paw withdrawal thresh-
olds between WT and mutant mice of both sexes (Fig. 2A-D).
Together, these data suggest that TIr9 mutation does not affect
nociceptive threshold under physiological conditions for both
male and female mice.

Luo et al. @ Macrophage TLR9 in Chemotherapy Induced Neuropathic Pain

Intraplantar or intrathecal injection of TLR9 agonist ODN
1826 induces mechanical allodynia in WT mice but not in
Tlr9 mutant mice of both sexes

As a component of the innate immune system, TLR9 detects
unmethylated CpG motifs present on bacterial DNA. Synthetic
oligodeoxynucleotides with CpG motifs (CpG ODNs) have been
developed as TLR9 agonists, including Class A (e.g., ODN 2216),
Class B (e.g., ODN 1826), and Class C (e.g., ODN 2395) (Krieg,
2006). In particular, intrathecal administration of ODN 1826
evokes potent inflammatory responses in the spinal cord (David
etal., 2013). We investigated the effects of ODN 1826 on nocice-
ptive threshold as measured by von Frey testing. Intraplantar
injection of 5 ug of ODN 1826 induced mechanical allodynia
when measured at 5 h after injection in WT mice of both sexes,
but not in TIr9 mutant mice of either sex (Fig. 2A,B; F(, 40, =
16.59 in Fig. 2A and F, 4,y = 12.05 in Fig. 2B; p < 0.001, two-way
ANOVA). Notably, ODN 1826 failed to evoke mechanical allo-
dynia at earlier testing time points (1 and 3 h; Fig. 2A,B). This
delayed response may suggest a mechanism of indirect activation
of sensory neurons by this TLR9 ligand.

Intrathecal injection of ODN 1826 (5 ug) also induced me-
chanical allodynia in WT mice of both sexes but failed to induce
mechanical allodynia in TIr9 mutant mice of either sex (Fig.
2C,D; Fy 40y = 10.17 in Fig. 2Cand F 5 4, = 10.22 in Fig. 2D; p <
0.001, two-way ANOVA). While mechanical allodynia resolved
within 5 h in male mice after intrathecal administration of
ODN 1826, it did not resolve until 48 h after injection in
female mice (Fig. 2C,D). Collectively, these data suggest that
ODN 1826 is a selective agonist of TLR9 and is sufficient to
evoke mechanical allodynia in both sexes via both peripheral
and central mechanisms.

TLR9 agonist ODN 1826 induces mechanical allodynia in TIr4
mutant mice of both sexes

TLR4 is one of the best characterized members of the TLR family
and has been strongly implicated in the pathogenesis of pain in
different animal models (Tanga et al., 2005; Christianson et al.,
2011; Stokes et al., 2013; Bruno et al., 2018). To further explore
whether TLRY signaling is dependent on TLR4, we assessed the
behavioral effects of ODN 1826 treatment in Tlr4 KO mice. In-
trathecal or intraplantar injection of 10 ug of ODN 1826 induced
mechanical allodynia in both male and female TIr4 KO heterozy-
gous and homozygous mice. Interestingly, we found that Tlr4 KO
potentiated mechanical allodynia caused by ODN 1826 com-
pared with control (heterozygous) counterparts (Fig. 3A—D; Fig.
3A:F(s 4y = 32.13;Fig. 3B: F5 4, = 34.64; Fig. 3C: F5 ,,) = 16.68;
Fig. 3D: Fs 4, = 24.38; p < 0.05, two-way ANOVA). Thus,
TLR9-mediated pain signaling may be potentiated as a compen-
satory mechanism for the loss of TLR4 function in TIr4 KO ho-
mozygous mice.

TRPV1 expression and C-fiber signaling are not required for
TLR9 agonist ODN 1826 to induce mechanical allodynia
Recent studies indicate that TLR regulates thermal nociception
by modulating TRPV1 expression and activities in DRG (Qi et al.,
2011). TLR9 may cause mechanical allodynia via TRPV1 in the
peripheral nervous system. To verify this hypothesis, we tested
the effects of ODN 1826 in Trpv1 KO mice following intraplantar
injection. We found that KO of TrpvI had no effect on mechan-
ical allodynia caused by intraplantar ODN 1826 (10 ug) in mice
of both sexes (Fig. 4A,B; F(, 4, = 8.728 in Fig. 4A and F, 4, =
10.64 in Fig. 4B; p < 0.05, two-way ANOVA). Next, to define the
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role of C-fibers in TLR9 agonist-induced pain, we treated mice
with resiniferatoxin to block the function of TRPV1-positive
C-fibers (Suter et al., 2009). Intraplantar injection of ODN 1826
(10 pg) was fully capable of inducing mechanical allodynia in
resiniferatoxin-treated mice of both sexes (Fig. 4C,D; F(5 45y =
14.44 in Fig. 4C and F 5 44) = 7.080 in Fig. 4D; p < 0.05, two-way
ANOVA). These findings suggested that TLR9-induced mechan-
ical allodynia does not require TRPV1 expression or signaling of
C-fibers.

TLR9 contributes to the development of CIPN in male mice

To determine whether TLRY signaling contributes to CIPN, we
administered a single high-dose (6 mg/kg) intraperitoneal injec-
tion of the chemotherapy drug PTX into TIr9 mutant and WT
mice of both sexes. This PTX treatment induced immediate
(within 3 d) and persistent mechanical allodynia in WT mice of
both sexes. Intriguingly, mechanical allodynia fully resolved
within 4 weeks in WT male mice treated with PTX, but mechan-
ical allodynia failed to resolve within the same amount of time in
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WT females treated with PTX (Fig. 5A,B). Interestingly, male
TIr9 mutant mice demonstrated delayed onset of mechanical al-
lodynia until day 14 after PTX treatment, whereas female TIr9
mutant mice did not demonstrate this effect and instead exhib-
ited mechanical allodynia from day 3 after PTX treatment like
WT mice (Fig. 5A, B; Fig. 5A: F(; 144y = 24.88; Fig. 5B: F(; 144y =
73.81; p < 0.01, two-way ANOVA). Acetone testing showed that
PTX treatment also induced sustained cold allodynia in WT mice
of both sexes for >4 weeks (Fig. 5C,D). Of note, neither male nor
female TIr9 mutant mice demonstrated changes in PTX-induced
cold allodynia compared with WT control mice (Fig. 5C,D; F; 44y
= 11.20 in Fig. 5C and F; 4, = 12.30 in Fig. 5D; p > 0.05,
two-way ANOVA).

We next treated mice with the TLR9 antagonist ODN 2088 (Qi
et al., 2011; David et al., 2013) via intraplantar or intrathecal
injection at a dose of 10 ug on day 10 after PTX injection in WT
mice of both sexes and evaluated the effects on mechanical sen-
sitivity (Fig. 6A—H). Mechanical allodynia testing by von Frey
filaments showed increased paw withdrawal threshold in male
PTX-treated mice, which received ODN 2088 compared with
vehicle control (Fig. 6 A, C; F(5 ¢, = 96.29 in Fig. 6A and F(5 ¢, =
66.03 in Fig. 6C; p < 0.05, two-way ANOVA). To further assess
the effects of ODN 2088 treatment on mechanical allodynia, we
also tested paw withdrawal frequency using a 0.4 g filament (Fig.
6E-H). The result showed that PTX increased paw withdrawal
frequency, which was suppressed by ODN 2088 in male mice

compared with vehicle control (Fig. 6E, G: F s 44) = 46.56 in Fig.
6E and Fs o, = 48.48 in Fig. 6G).

However, ODN 2088 injections failed to exhibit any antiallo-
dynic effect in PTX-treated female mice as measured by von Frey
testing for paw withdrawal threshold (Fig. 6 B, D; F5 44 = 110.4
in Fig. 6B and F540 = 98.41 in Fig. 6D; p > 0.05, two-way
ANOVA) and paw withdrawal frequency (Fig. 6 F,H: F5 45) =
67.62 in Fig. 6F and F 5 o) = 138.2 in Fig. 6H; p > 0.05, two-way
ANOVA). Therefore, the antiallodynic effects from intraplantar
and intrathecal ODN 2088 treatment in PTX-treated mice were
observed in male mice but not in female mice.

PTX treatment causes macrophage infiltration into DRGs in
WT and TIr9 mutant mice of both sexes

The infiltration of macrophages into DRGs contributes to the
development of CIPN (Peters et al., 2007; Liu et al., 2010), al-
though whether this is a sex-specific process is unclear. On day 7
after PTX injection, FACS analysis revealed increased counts of
cells positive for macrophage markers F4/80 and CD11b in DRGs
taken from PTX-treated WT male and female mice, and TIr9
mutant mice of both sexes showed a similar increase in macro-
phage DRG infiltration following PTX treatment (Fig. 7A,B;
F, 55 = 49.54; p < 0.01, two-way ANOVA). These findings were
further confirmed by immunohistochemistry data, which
showed that PTX treatment led to an increase of F4/80-postive
cells in DRG tissue from WT mice of both sexes as well as TIr9
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mutant mice of both sexes ( Fig. 7C,D; F; ;4 = 81.38, p < 0.001,
two-way ANOVA). These findings suggest that macrophage in-
filtration to the DRG following PTX treatment occurs in male
and female mice and does not require TLRO.

Adoptive transfer of PTX-primed macrophages induces
mechanical allodynia in male, but not female, mice via TLR9
Next, we investigated whether adoptive transfer of PTX-treated
macrophages could induce mechanical allodynia and whether
this effect is sex-dependent or TLR9-dependent. To define a di-
rect action of PTX on macrophages, peritoneal macrophages
were collected from naive C57BL/6B mice of both sexes (donor),
cultured, and treated with or without PTX (2 mg/ml, 16 h) in
vitro. Then, the naive macrophages and PTX-treated (primed)
macrophages were harvested from culture for intraplantar injec-
tions at a dose of 5 X 10* cells per injection into naive C57BL/6B
mice (receiver). Macrophages from male donor animals were
injected into male receiver mice, and macrophages from female
donor animals were injected into female receiver mice (Fig. 8A).
Intraplantar injection of WT macrophages caused a mild and
transient decrease in paw withdrawal threshold for several
hours in both sexes. By contrast, intraplantar injection of
PTX-primed macrophages caused a substantial and persistent

reduction of withdrawal threshold (mechanical allodynia) in
both male and female receiver mice for >24 h (Fig. 8B, C:
F(5 5, = 17.91 in Fig. 8B and F; 5,, = 19.90 in Fig. 8C; p <
0.05, two-way ANOVA).

Next, we tested whether mechanical allodynia induced by the
PTX-primed macrophages is mediated by TLR9. On day 2 after
adoptive transfer of primed macrophages, intraplantar injections
of ODN 2088 (10 ug) transiently reversed mechanical allodynia
in male mice but failed to reverse mechanical allodynia in female
mice (Fig. 8 D, E; F 3 3,y = 5.530 in Fig. 8D and F 3 3, = 0.3472 in
Fig. 8E; p < 0.001, two-way ANOVA). To further investigate the
role of TLR9 in this phenomenon, peritoneal macrophages were
collected from naive WT and TIr9 mutant mice of both sexes
(donor), cultured in vitro, and treated with PTX (2 mg/ml, 16 h).
Then, the PTX-treated (primed) WT and TIr9 mutant macro-
phages were harvested for intraplantar or intrathecal injec-
tions at a dose of 5 X 10* cells per injection into naive
C57BL/6B mice (receiver). Macrophages from male donor an-
imals were injected into male receiver mice, and macrophages
from female donor animals were injected into female receiver
mice (Fig. 9A).

While intraplantar injection of PTX-primed WT macro-
phages caused robust mechanical allodynia in male receiver mice,
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in comparison, TIr9 mutant macrophages were inhibited from
inducing mechanical allodynia in male receiver mice (Fig. 9B:
Fi50) = 39.44; Fig. 9F: F55, = 55.30, p < 0.05, two-way
ANOVA). In female receiver mice, intraplantar injection of PTX-
primed macrophages also caused mechanical allodynia; and
unlike with male T1r9 mutant macrophages, PTX-primed mac-
rophages from TIr9 mutant female donor mice were able to in-
duce mechanical allodynia when injected intraplantarly into
female receiver mice as measured by the von Frey threshold test
(Fig. 9G; F 555, = 138.8, p > 0.05, two-way ANOVA) and von
Frey frequency test (Fig. 9G; F(; 5,y = 14.13, p > 0.05, two-way
ANOVA).

Furthermore, intrathecal injection of PTX-primed macro-
phages induced decreased paw withdrawal thresholds in both
male and female receiver mice. However, TIr9 mutant macro-
phages injected intrathecally were not inhibited from inducing
mechanical allodynia in either male or female WT mice (Fig.
9D, E; F5 5, = 31.58 in Fig. 9D and F 5 ,4) = 47.94 in Fig. 9E; p >
0.05, two-way ANOVA), suggesting that macrophage TLRY sig-
naling does not exhibit sex dimorphism in the CNS. Together,
these results indicated that PTX-primed macrophages evoked
pain hypersensitivity for both male and female receiver mice and
that macrophage TLR9 signaling may drive CIPN only in male
mice via peripheral mechanisms.

'p <<0.001.n = 10 mice per group. C, D, TIr9 mutation had no effect on PTX-induced cold allodynia in male mice (C) and female mice (D). p > 0.05 (two-way ANOVA with Bonferroni's post hoc

Mutation of TIr9 inhibits PTX-induced increase of TNF and
CXCL1 expression in macrophages and DRGs in male mice
but not in female mice

Chemotherapeutic reagents have been shown to upregulate cyto-
kine and chemokine release in animals (Makker et al., 2017) and
humans (Pusztai et al., 2004). Following chemotherapy, macro-
phages secrete cytokines and chemokines that drive CIPN (Mon-
tague and Malcangio, 2017). TLR9 has been shown to upregulate
the expression of TNF and CXCL1 (David et al., 2013), which are
two important pronociceptive inflammatory mediators (Huh et
al., 2017). We investigated the role of TLRY in the release of TNF
and CXCL1 by analyzing peritoneal macrophage culture medium
(in vitro), as well as serum, peritoneal fluid, and DRG tissue (in
vivo) from male and female mice following PTX treatment.
ELISA quantification showed that treatment of macrophage cul-
tures with PTX (2 mg/ml, 16 h) or lipopolysaccharide (1 pg/ml,
24 h) significantly increased the release of TNF and CXCL1 into
macrophage culture medium for both sexes. Intriguingly, T1r9
mutation inhibited the increased release of TNF and CXCLL1 in
PTX-treated male macrophage cultures (Fig. 10A,B; F,,,) =
66.12 in Fig. 10A and F, 5,y = 91.07 in Fig. 10B; p < 0.01, two-
way ANOVA). Of note, on day 7 after PTX injection, TNF levels
in serum were the same as baseline pre-PTX levels (Fig. 10C;
F(1.32) = 0.7667, p > 0.05, two-way ANOVA).
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Figure 6. Intraplantar (I.PL.) or intrathecal (I.T.) injection of TLR9 antagonist ODN 2088 reduces PTX-induced mechanical allodynia in male mice but not in female mice. A-D, Paw withdrawal
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Notably, PTX treatment upregulated serum levels of CXCL1
in WT male mice but not in TIr9 mutant mice (Fig. 10D; F, 5, =
16.03, p < 0.05, two-way ANOVA). We also found that PTX
upregulated TNF levels in male mice and upregulated CXCL1
levels in the peritoneal fluid of both sexes, but again these PTX-
induced changes did not occur in TIr9 mutant male mice (Fig.

10E,F;p < 0.05, two-way ANOVA; F, 4, = 14.21in Fig. 10E and
F 35 = 28.16 in Fig. 10F). Furthermore, PTX promoted the
increase of TNF levels in DRGs of both sexes and CXCL1 levels in
DRGs of males, but these changes were again found to be inhib-
ited by Tlr9 mutation in male mice (Fig. 10G,H; F; 44y = 27.06 in
Fig. 10G and F(; 4y = 13.10 in Fig. 10H; p < 0.05, two-way
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Adoptive transfer of PTX-activated and sex-matched macrophages induces mechanical allodynia in male and female mice. A, Schematic of the experimental design. B, C, Single

intraplantar injection of PTX-primed macrophages evoked potent and sustained mechanical allodynia in both male (B) and female (€) mice. By contrast, injection of WT sex-matched macrophages
only produced mild and transient mechanical allodynia in both sexes (B, €). D, E, Intraplantar injection of 10 £.g of ODN 2088 on postadoptive day 2 increased paw withdrawal threshold in male (D)
but not female (E) mice. Compared with the baseline of the same group (two-way ANOVA with Bonferroni’s post hoc test): ***p << 0.001; *p << 0.05. Compared with naive macrophage group

(two-way ANOVA with Bonferroni's post hoc test):

ANOVA). Together, these results pointed to a male-specific role
of TLRY in the PTX-induced release of TNF and CXCLI from
macrophages and the expression of TNF and CXCLI in DRGs.
These results illustrate the sex-dimorphic regulation of cytokine
and chemokine release from macrophages and DRGs following
PTX treatment.

The CXCR2 antagonist SB225002 reversed mechanical
allodynia in PTX-treated WT mice of both sexes

The CXCL1/CXCR2 chemokine axis promotes persistent neu-
ropathic pain via central glia-neuron crosstalk (Zhang et al.,
2013; Cao et al., 2014; Chen et al., 2014). However, the role of
CXCL1/CXCR2 signaling in CIPN remains unclear. Given
that CXCL1 levels were elevated in PTX-treated mice, we hy-
pothesized that CXCL1/CXCR2 signaling may contribute to
peripheral processing of CIPN. We examined the effects of the

'p < 0.001.n = 5 per group. Data are mean = SEM. ns, not significant, Md, macrophages.

CXCR?2 antagonist SB225002 (20 wg) on PTX-treated male
and female C57BL/6B WT mice on day 3 after PTX injection.
The von Frey test results showed that SB225002 reversed PTX-
induced mechanical allodynia in mice of both sexes, as indi-
cated by increased paw withdrawal threshold (Fig. 11A,B;
F440) = 90.69 in Fig. 11A and F, 4,y = 116.2 in Fig. 11B; p <
0.05, two-way ANOVA) and decreased paw withdrawal fre-
quency (Fig. 11C,D; Fig. 11C: F, 4, = 23.98; Fig. 11D: F(, 49,
= 36.12; p < 0.05, two-way ANOVA) in comparison with the
vehicle control group.

TLR9 antagonism reversed PTX-induced mechanical
allodynia in female nude mice

Emerging studies implicate T cells as a female-specific con-
tributor to chronic pain (Sorge et al., 2015). To address a
possible role of T cells in CIPN in female mice, we used nude
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PTX-induced TNF and CXCL1 expression and release are impaired in male T/r9 mutant mice. A—H, ELISA testing results of concentrations of TNF and CXCL1 in peritoneal

macrophage culture medium (4, B; n = 3 culture per group, 1 X 10° cells per culture), serum (C, D; n = 5 per group, 100 ! serum per sample), peritoneal fluid (E, F; n = 5, 6 ml per
mice), and DRG tissue lysate (G, H; n = 5 per group, 3 DRG tissues collected per mice). Compared with the control or naive group with the same genetic background (two-way ANOVA with
Bonferroni's post hoc test): ***p << 0.001; **p < 0.01; *p << 0.05. Compared with WT mice group (two-way ANOVA with Bonferroni’s post hoc test): ***p < 0.001; *p < 0.01; *p <

0.05. Data are mean = SEM.

mice (NOD.CB17-Prkdc®9) with deficiency in T cells and B
cells. Notably, PTX was fully capable of evoking mechanical
allodynia in nude female mice (Fig. 105 F, 40y = 114.7, p <
0.001, two-way ANOVA), suggesting that T cells may not play
a major role in the development of CIPN in female mice.
Furthermore, PTX-induced mechanical allodynia in female
nude mice was reversed by intraplantar injection of the TLR9
antagonist ODN 2088 (10 ug) (Fig. 125 F, 40y = 114.7, p <
0.05, two-way ANOVA). These data indicated that CIPN in

female mice may require TLRY signaling in an immunodefi-
cient background, although TLR9 not be necessary for the
development of CIPN in WT female mice with an intact im-
mune system.

Discussion

We have demonstrated cellular and molecular mechanisms of
TLR9 signaling in CIPN, using TIr9 mutant (deficient) mice of
both sexes. Here, we found in male mice, but not in female mice,
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that TIr9 mutation attenuated the development of neuropathic
pain caused by PTX. Notably, TLR9 antagonist injected intra-
plantarly alleviated PTX-induced mechanical allodynia only in
male WT mice. PTX elicited macrophage infiltration to DRGs in

both sexes did not require TLRY. Intriguingly, TIr9 mutation
blunted mechanical allodynia induced by PTX-primed macro-
phages in males. Moreover, TIr9 mutation inhibited PTX-
induced upregulation of TNF and CXCLI in macrophage
cultures and DRG tissues taken from male mice. Finally, TLR9
antagonism reversed PTX-induced pain in immune-deficient fe-
male nude mice. Together, our results showed that TLR9 signal-
ing in macrophages contributes to CIPN in a sex-dimorphic
manner.

TLR9 regulates the development of mechanical allodynia in
CIPN in male mice

Increasing evidence suggests that TLRs play a major role in
chronic pain via regulation of glial signaling and neuroinflamma-
tion (Liu et al., 2012a; Nicotra et al., 2012; Bruno et al., 2018).
Neuronal signaling of TLRs, such as TLR3 (Liu et al., 2012b),
TLR5 (Xuetal., 2015), TLR7 (Park et al., 2014), TLR8 (Zhang et
al., 2018), and MyD88 (Liu et al., 2014, 2016), were also impli-
cated in pain regulation. TLR4 and TLRY also regulate TRPV1
expression and signaling in DRG and trigeminal neurons (Dio-
genes et al., 2011; Qi et al., 2011; Li et al., 2015b). Additionally,
TLRY regulates cancer pain and neuropathic pain in female mice
(Qi et al., 2011; David et al., 2013). Intrathecal treatment of the
TLR9 antagonist ODN 2088 reduced heat hyperalgesia after spi-
nal cord injury in female C57BL/6 mice (David et al., 2013).
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Systemic ODN 2088 treatment also reduced heat hyperalgesia in
tumor-bearing female Swiss Webster mice (Qietal.,2011). How-
ever, mechanical hypersensitivity, such as mechanical hyperalge-
sia and mechanical allodynia, which are cardinal features of
chronic pain (Alessandri-Haber et al., 2009; Xu et al., 2015), was
not tested in these two studies. It is important to note that che-
motherapy, such as PTX treatment, produces mechanical and
cold allodynia but not thermal hyperalgesia in mice (Smith et al.,
2004). Our data showed that a single PTX injection (6 mg/kg)
elicited marked mechanical allodynia and cold allodynia in both
sexes, and mechanical allodynia resolved within 4 weeks in male
mice but not in female mice. Thus, it is reasonable to postulate
that TLRY may regulate different pain modalities (heat, cold, and
mechanical) in different pain models and different sexes.

Our results provided several lines of evidence to support a
critical role in CIPN for TLRY signaling in a pain modality and
sex-dependent manner via peripheral and central regulatory
mechanisms. First, TIr9 mutation resulted in delayed develop-
ment of PTX-induced mechanical allodynia in male mice but not
in female mice. PTX-induced cold allodynia, in contrast, was not
affected by TIr9 mutation (Fig. 5), suggesting that mechanical
allodynia is the major pain modality demonstrating TLRY-
mediated sex dimorphism. Second, in agreement with the result
from TIr9 mutant mice, pharmacological inhibition of TLR9 by
intraplantar or intrathecal injection of ODN 2088 reduced me-
chanical allodynia in male, but not female, mice (Fig. 6). This
finding also indicated the involvement of TLRY at both spinal
cord and peripheral levels. Furthermore, intraplantar or intrathe-
cal injection of the TLR9 agonist CpG ODN 1826 was sufficient to
induce mechanical allodynia in naive mice of both sexes (Fig. 2).

Macrophage mechanisms by which TLR9 regulates
inflammation and CIPN in males

TLRY may regulate pain via neuronal, glial, and immune mech-
anisms. For example, TLR9 promotes heat hyperalgesia in cancer
pain via regulation of TRPV1 expression in sensory neurons (Qi
etal, 2011). Intrathecal TLR9 agonist ODN 1826 increased TNF
and CXCLI transcript levels in the spinal cord of naive animals

(David et al., 2013). Furthermore, spinal cord injury-induced
infiltration and activation of immune and glial cells, including
CD45" monocytes, CD11b ™ macrophages and microglia, and
CD3™" T cells, are reduced by the TLR9 antagonist ODN 2088
(David et al., 2013). Our findings demonstrate that macrophage
TLR9 signaling drives mechanical allodynia in CIPN in males.

First, our results demonstrate that TRPV1 and C-fibers are
not required for TLR9-mediated mechanical allodynia, as ODN
1826-induced mechanical allodynia was unaltered in Trpvl KO
mice and ablation of C-fibers with resiniferatoxin failed to block
ODN 1826-induced mechanical allodynia. Notably, C-fibers and
nociceptors may not be required to generate chemotherapy-
induced mechanical allodynia (Minett et al., 2014; Xu et al,,
2015), and mechanical allodynia from CIPN is mediated by
TLR5-expressing Af3 fibers of DRG neurons (Xu et al., 2015). We
postulate that activation of TLR9 in male macrophages results in
the release of proinflammatory cytokines and chemokines that
activate A fibers, which then drive CIPN mechanical allodynia
in male mice (Fig. 13).

Second, our data show that PTX (2 ug/ml, 16 h) can directly
act on male and female macrophages in vitro to release TNF and
CXCL1 into culture medium. Intriguingly, TLR9 signaling differ-
ences between male and female macrophages were preserved in
vitro as TIr9 mutation abrogated the PTX-induced release of TNF
and CXCL1 levels from male macrophages but not from female
macrophages (Fig. 10A, B). Consistently, in vivo results revealed
TLR9-mediated upregulation of TNF and CXCL1 in peritoneal
fluid and upregulation of CXCL1 in serum collected from male
mice receiving PTX treatment (Fig. I0C-F).

Third, we found differences between male and female mice for
macrophage signaling (e.g., TLR9, TNF, CXCL1) but not for
macrophage infiltration into DRGs. FACS analysis (CD11b/F4/
80) and immunohistochemistry (F4/80) demonstrated increases
in macrophage infiltration into DRGs in both WT and TIr9 mu-
tant mice of both sexes after chemotherapy (Fig. 7). By contrast,
chemotherapy caused TLR9-dependent increase of TNF and
CXCL1 expression in male DRGs (Fig. 10G,H). These findings
with regard to macrophage signaling and infiltration add an ad-
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ditional layer to understanding neuroimmune signaling in
chronic pain upon previous studies that revealed distinct expres-
sion of microglial signal molecules, such as P-p38, P2X4, and
BDNF, in different sexes following nerve injury (Sorge et al.,
2015; Taves et al., 2016; Lopes et al., 2017; Mapplebeck et al.,
2018).

Fourth, adoptive transfer of PTX-primed macrophages into
WT naive mice produced mechanical allodynia in a TLRY-
dependent manner in male mice (Figs. 8,9). TLRY is also required
for the maintenance of mechanical allodynia, as intraplantar and
intrathecal inhibition of TLR9 via ODN 2088 reversed PTX-
evoked mechanical allodynia. TLR9 antagonist treatment may
also affect macrophages in DRGs, as intrathecal administration in
rodents is known to affect the DRG in addition to spinal cord
(Kawasaki et al., 2008; Alessandri-Haber et al., 2009). Given the
limited role of spinal microglia in CIPN (Zhang et al., 2012; Luo
et al., 2018), intrathecal TLR9 antagonist treatment may target
TLRY in DRG macrophages for CIPN relief in male mice.

Finally, the downstream mechanisms of macrophage activa-
tion and neuroimmune interaction via TNF and CXCLI signal-
ing are illustrated in Figure 13. TNF and CXCLI released from
macrophages can bind to their receptors on sensory neurons
(TNFR1/R2 and CXCR?2) to elicit mechanical allodynia in CIPN.
TNF/TNFR and CXCL1/CXCR2 signaling may promote neuron-
macrophage crosstalk in CIPN. Subcutaneous and epineural in-
jection of TNF has been shown to induce mechanical allodynia,
and TNF induces AP fiber discharge in vitro, in addition to its
known effects on C-fibers (Schiifers et al., 2003; Sommer and
Kress, 2004; Constantin et al., 2008). Notably, we did not see sex
dimorphism in neuronal signaling of cytokine/chemokine recep-
tors, as treatment with CXCR2 antagonist was effective in reduc-
ing PTX-induced mechanical allodynia in both sexes (Fig. 11).

Concluding remarks and future directions

Our study identified TLR9 signaling in macrophages as a new
sex-dimorphic biomarker that regulates chemotherapy-induced
mechanical allodynia in male mice via neuron-macrophage in-
teractions (Fig. 13). However, clinical data show that women are
more likely to suffer from pathological pain (Bartley and Fill-
ingim, 2013). Thus, future studies in pain research will need to
specifically address the mechanisms of pain in females to increase
our understanding of pain and enable the development of more
precise and effective therapies for chronic pain. It is important to
point out that sex dimorphism in pain may vary among different
pain modalities (e.g., mechanical vs thermal pain) and pain
states. For example, spinal cord microglia contribute to bone
cancer pain in female rats bearing breast cancer (Yang et al,
2015).

Although T-cell signaling in females may play a dominant role
in neuropathic pain after nerve injury (Sorge et al., 2015), our
results show that, in female nude mice with T-cell and B-cell
deficiency, development of mechanical allodynia after PTX treat-
ment was unaltered. Our results further show that female animals
switch to a TLR9-dependent pathway in CIPN under this im-
mune deficiency condition (Fig. 12). This suggests that crosstalk
between immune cells may contribute to sex dimorphism in
CIPN, and additionally, females may switch or revert back to
male-like neuroimmune signaling pathways, including macro-
phage signaling. Our results do not rule out an important role of
T cells in CIPN in WT mice (Krukowski et al., 2016), as there
could be developmental compensations in these immune-
deficient mice.

Finally, macrophages may play different and even opposing

Luo et al. @ Macrophage TLR9 in Chemotherapy Induced Neuropathic Pain

roles in pain regulation by producing context-dependent proin-
flammatory, anti-inflammatory, and proresolution mediators (Ji
etal., 2016). In addition to promoting neuropathic pain develop-
ment (Montague et al., 2018), recent studies also demonstrate an
important role of macrophages in the resolution of pathological
pain (Bangetal., 2018). Future studies are needed to examine the
cellular mechanisms, including those involving macrophages and
T cells (Krukowski et al., 2016), in sex dimorphism during the
resolution of pain.
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